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Molecular dynamics simulations of laccase immobilized by 4-aminothiophenol (4-ATP) 
were performed to understand the origin of the enhanced catalytic activity at 350 K of 
laccase immobilized by self-assembled monolayers (SAMs). The simulation showed 
that laccase was stabilized by bonding with 4-ATP. In addition, docking simulation of 
2,6-dimethoxyphenol (DMP) to laccase revealed that the hydrophobic interaction 
energy was increased by bonding with 4-ATP. The variations of docking site size was 
minor considering the dimensions of DMP molecule. Therefore, it is suggested that the 
enhanced catalytic activity of laccase with 4-ATP is attributed to the high hydrophobic 
interaction energy between laccase and DMP. 
 





Free-standing nanoporous Au with large surface area can provide a platform for 
immobilization of self-assembled monolayers (SAMs) [1–3]. Au strongly bonds to 
the thiol group of SAM because of covalent bonding between an Au atom and a S atom 
in the thiol group of SAM [4]. Hakamada et al. [1] showed that the Au–S bond is 
strengthened by defects at the surfaces of nanoporous Au. Recently, it was found that 
laccase immobilized on SAM-modified nanoporous Au, where a 4-aminothiophenol (4-
ATP) was used as the SAM, exhibited enhanced catalytic activity in the degradation of 
2,6-dimethoxyphenol (DMP) at a high temperature of 350 K, compared with non-
immobilized laccase [5].  
Laccase is a blue multicopper oxidase that contains four copper ions distributed 
in three sites, which are classified according to their spectroscopic properties, as type 1 
Cu for the blue copper center, type 2 Cu for the normal copper center, and type 3 Cu for 
the coupled binuclear copper center. Type 1 (T1) Cu is the primary acceptor of electrons 
from a reducing substrate. Laccase is a useful enzyme that is capable of oxidizing a large 
number of organic and inorganic substrates [6], and it has received significant attention 
regarding its potential applications in the fields of biosensors and biofuel cells [7–9]. High 
stabilization of laccase at high temperature is important for such applications. Miyazaki 
[10] found that a hyperthermophilic laccase was produced by cloning the gene. 
Immobilization of laccase by a SAM is also one of methods for processing thermophilic 
laccase, as mentioned above. The immobilization of laccase by a SAM is promising for 
commercial applications because of its low cost. However, the origin of the enhanced 
catalytic activity at high temperature of laccase immobilized by a SAM is not understood 
at all.  
In the present work, molecular dynamics (MD) simulations and docking 
simulations of laccase immobilized by 4-ATP were performed to understand the origin 
of the enhanced catalytic activity at high temperature. First, the bonding energy of laccase 






MD simulations of the bonding of laccase with and without 4-ATP were carried out using 
Discovery Studio 4.0, using the CHARMM force field [11]. The crystal structure of 
laccase (PDB ID: 1V10 [12]) was obtained from the Protein Data Bank [13]. Laccase was 
immersed in a spherical water solvation where the number of water molecules was about 
6,000 and the diameter of the sphere was 40 nm. The time step of the MD simulation was 
1fs. The system was first energy-minimized using the steepest decent algorithm (200,000 
steps) followed by the conjugate gradient method (200,000 steps). The system was 
gradually heated from 50 to 300 and 350 K for 2 ps, respectively. The system was 
equilibrated for 1 ns with constant number of particles, volume, and temperature (NVT) 
ensemble, where Berendsen’s weak coupling sheme [14] was used to achieve constant 
temperature dynamics. Finally, 10 ns NVT simulations were performed. Laccase bonds 
with 4-ATP by formation of an amide bond between an amino group of 4-ATP and a 
carboxyl group of laccase [15,16]. In the present study, acidic amino acids positioned on 
the surface of laccase and C-terminal were bonded with 4-ATP. The amino acid in laccase 
that would most likely bond with 4-ATP was determined to be Glu91 because the lowest 
bonding energy was obtained for the bond between Glu91 and 4-ATP (Table 1). A 
schematic illustration of the amide bond between the amino group of 4-ATP and the 
carboxyl group of laccase is shown in Fig. 1. The bonding energy of laccase and 4-ATP 
is given by  
Eb = Elaccase+4ATP − Elaccase − E4ATP,                                  (1) 
where Eb is the binding energy, and Elaccase+4ATP, Elaccase and E4ATP, are the average internal 
energies of 10ns NVT simulations of laccase with 4-ATP, laccase, and 4-ATP, 
respectively. The bonding energies at 300 and 350 K were calculated by eq. (1).  
For docking simulations of DMP to laccase, AutoDock 4.2 software [17] was 
used to generate an ensemble of docked conformations for DMP and laccase. The 
Lamarckian genetic algorithm was used for all the molecular docking simulations and the 
following parameters were used; a random population of substrate conformations in up 
to 100 arbitrary orientations, a mutation rate of 0.02, and a crossover rate of 0.8. 
Simulations were carried out considering 2.5 million energy evaluations with a maximum 
of 27,000 generations. The docking site of DMP was determined to be T1 site because 
the substrate is reduced by T1 Cu and a previous study found that T1 site is the most 
energetically stable site for docking of a substrate to laccase [18]. The grid box composed 
of 40×40×40 grid points with a spacing between each grid point of 0.375 Å was 
centered a T1 Cu. Laccase and Cu were rigid during docking simulations. 
The hydrophobic energy was calculated using Poisson-Boltzmann solvent 
accessible surface area (MM-PBSA) method [19]. The 5 models were evenly extracted 
from the last 100 ps MD trajectories to calculate the hydrophobic interaction energy 
between laccase and DMP. The hydrophobic interaction energy can be calculated by 
Eh = Eh,laccase+DMP – Eh,laccase –Eh,DMP, 
where Eh is hydrophobic interaction interaction energy, Eh,laccase+DMP is hydrophobic 
energy of laccase with DMP, Eh,laccase is hydrophobic energy of laccase and Eh,DMP is 
hydrophobic energy of DMP. In the MM-PBSA calculation, a grid spacing of 0.5 Å was 
employed and the relative dielectric constant was set to 80 at the exterior and 1.0 at the 
interior of DMP-laccase complex. 
After docking simulations, the energy minimization, 1ns NVT equilibration and 
10ns NVT simulations described above were performed again on the laccase with and 
without 4-ATP docked with DMP, respectively. 
 
Results and discussion 
Stabilization of laccase with 4-ATP 
Fig. 2 shows variation of root-men square deviation (RMSD) as a function of calculation 
time for laccase with and without 4-ATP at 300 and 350K before docking with DMP, 
respectively. The RMSD value is given by, 
 




where x0 is the initial atomic position, xi is the atomic position during the simulation, and 
n is the number of atoms, respectively. The RMSD value was nearly constant after 8 ns 
and thus the structures of laccase were stable. The bonding energy of laccase with 4-ATP 
was -47.1 kcal/mol at 300 K and was -42.2 kcal/mol at 350 K, respectively. Thus, laccase 
was stabilized by bonding with 4-ATP. 
 Fig. 3 shows the superposition of the part of laccase with and without 4-ATP, 
respectively. The structures of laccase did not overlap at 350 K, while they overlapped at 
300 K, as shown by circles in Fig. 3. Thus, the structure of laccase changed more by 
bonding with 4-ATP at 350 K than at 300 K. The conformation change leads to variation 
of the internal energy [20,21]. Therefore, it is suggested that the enhanced stabilization 
of laccase at 350 K by bonding with 4-ATP is because of the structural change of laccase. 
 
Docking of DMP to laccase 
 
Fig. 4 shows snapshots of laccase docked with DMP. DMP was docked near T1 Cu in all 
the cases. Some studies [22-24] suggested that structural change of laccase led to the low 
catalytic activity because the size of docking site became small. Hence, it is worthwhile 
to investigate a variation in size of T1 site. Figure 5 shows variations in T1 site size as a 
function of calculation time, where the T1 site size is defined as a diameter of a sphere 
which contains amino acids around T1 copper (His396, His457, Cys452 and Leu462). 
The average size of T1 site was 15.3 Å for laccase without 4-ATP at 300 K, 15.6 Å for 
laccase without 4-ATP at 350 K, 15.3 Å for laccase with 4-ATP at 300 K and 14.8 Å for 
laccase with 4-ATP at 350 K, respectively. The dimensions of DMP molecule are 8.8 Å 
along the long axis and 5.2 Å along the short axis. Although the T1 site size for laccase 
with 4-ATP at 350 K was smaller than that for laccase without 4-ATP at 350 K, a 
difference of the size was minor considering the dimensions of DMP molecule. Therefore, 
the enhanced catalytic activity of laccase with 4-ATP is unlikely to be related to the 
variation of T1 site size. 
The hydrophobic interaction may play a vital role in an interaction between 
laccase and DMP because nonpolar amino acids such as Cys452 and Leu462 are located 
near T1 pocket [25]. Fig. 6 shows the hydrophobic interaction energy between laccase 
and DMP. It is noted that the hydrophobic interaction energy for laccase with 4-ATP was 
increased by a temperature increase from 300 to 350 K, while it for laccase without 4-
ATP was decreased by the temperature increase. Therefore, it is suggested that the 
enhanced catalytic activity of laccase with 4-ATP is attributed to an enhancement in 
hydrophobic interaction. 
A trade-off often occurs between the catalytic performance and the stability of 
laccase [26-28]. However, laccase immobilized by 4-ATP showed both high stability and 
high catalytic performance. Tokuriki et al. [28] noted that mutations that modulate 
enzymatic functions mostly destabilize, and mutations that stabilize seldom evolve 
enhanced enzymatic activity. The present work, however, suggests that structural changes 
caused by bonding with 4-ATP lead to the simultaneous high stability and high catalytic 
performance of laccase. 
 
Conclusion 
 MD simulations and docking simulations of laccase immobilized on 4-ATP were 
performed to understand the origin of the enhanced catalytic activity at 350 K of laccase 
immobilized by a SAM. Laccase was stabilized by bonding with 4-ATP. The hydrophobic 
interaction energy between 2,6-dimethoxyphenol (DMP) and laccase was increased by 
bonding with 4-ATP. On the other hand, the variations of docking site size was minor 
considering the dimensions of DMP molecule. Therefore, enhanced catalytic activity of 
laccase with 4-ATP is attributed to the high hydrophobic interaction energy between 
laccase and DMP.  
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Table 1 The binding energies of 4-ATP with acidic amino acids positioned on the 
surface of laccase and C-terminal (Asn494), respectively. The lowest binding energy 













Fig. 1 Illustration of the amide bond between the amino group of 4-ATP and a carboxyl 
group of laccase at 300 K. The amino acid in laccase is Glu91. 
 
Fig. 2 Variations in RMSD value as a function of calculation time for laccase with and 
without 4-ATP, (a) laccase without 4-ATP at 300 K, (b) laccase without 4-ATP at 350 K, 
(c) laccase with 4-ATP at 300 K and (d) laccase with 4-ATP at 350 K. The RMSD value 
becomes nearly constant after 8ns. 
 
Fig. 3 Snapshots of superposition of parts of laccase with and without 4-ATP after MD 
simulation at (a) 300 K and (b) 350 K. The part of laccase with and without 4-ATP after 
the stabilization calculations are shown in red and green, respectively. The structure of 
laccase does not overlap at 350 K, while they overlap at 300 K, as shown by circles. 
 
Fig. 4 Snapshots of conformation of laccase docked with DMP after MD simulation, (a) 
laccase without 4-ATP at 300 K, (b) laccase without 4-ATP at 350 K, (c) laccase with 4-
ATP at 300 K and (d) laccase with 4-ATP at 350 K. DMP is docked at T1 pocket. 
  
Fig. 5 Variations in T1 site size as a function of calculation time. The T1 site size is 
defined as a diameter of a sphere which is drawn by approximating a receptor range 
containing His396, His457, Cys452 and Leu462.  
 
Fig. 6 Hydrophobic interaction energy between laccase and DMP. Hydrophobic 
interaction energy decreases from 300 to 350 K for laccase without 4-ATP and increases 
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